Melting proteins confined in nanodroplets with 10.6 lm light provides clues about early steps of denaturation † ) species, indicating that the protein has undergone a melting-like transition within the droplet, prior to solvent evaporation and ion formation.
This transition is sensitive to solution pH, suggesting that the droplet behaves as a bulk solution at equilibrium. However, ion mobility spectrometry (IMS) measurements of conformer distributions within charge states reveal that after irradiative heating, rapid droplet evaporation 1 must involve a relatively complex mechanism, e.g., it might arise from a subsequent cis -trans Glu
18
-Pro 19 isomerization step. Fig. 1 shows the laser-droplet activation source used in these studies. In this configuration, droplets, produced by electrospray ionization (ESI), pass through an orthogonal IR-laser beam prior to evaporation and ion formation. Changes in protein conformation upon irradiating the droplets are monitored by nested IMS-MS techniques, as described elsewhere. ) are observed, indicating that a substantial fraction of the protein molecules underwent an unfolding transition. Unfolded structures dominate the spectrum at 17 W. The weighted average charge state distribution for these ions is also sigmoidal in shape and analysis yields a melting power, T p = 10.4 AE 0.3 W.
The similar shapes of the temperature-induced and droplet-IR-irradiated charge state distribution curves were somewhat surprising to us. One might expect irradiation of droplets to induce immediate desolvation, such that solvent is removed before the structure can change -rendering only the native protein charge state in the mass spectrum. The present results require that irradiated droplets survive long enough for the protein to unfold in solution, prior to droplet evaporation and ion formation. But, does the solution environment within the droplet still influence protein stability as it does in the bulk? To explore this, we changed the pH of the solutions used to produce droplets. Fig. 2 shows the weighted average charge state curves obtained for ubiquitin confined in droplets produced from pH = 2.5, 3.0, and 4.0 solutions. The midpoint associated with these transitions shifts to higher laser powers with increasing solution pH, corroborating the idea that solution environment within the droplet influences the denaturation transition.
While the MS analysis shows that our intuition -that irradiated droplets might evaporate so quickly that solution transitions might not be observed -was incorrect, IMS measurements reveal that there are differences between droplet-IR-heating and equilibrium Fig. 1 Schematic diagram of the instrument. Droplets diameters are estimated to be B0.05 and 1.0 mm when produced from small B1.0 and 20 mm dia. ESI capillary emitters (see Experimental section in the ESI †). For 10 mM ubiquitin solutions, we estimate that only one in three of the droplets contains a protein molecule. After their formation by electrospray, droplets pass through a CO 2 laser beam focused at the immediate entrance to the instrument orifice. Activation in this region may induce structural changes in the protein which leads to changes in the protein charge state distribution and ion structures. This instrument is also equipped with a ZnSe window in the middle of the drift tube, which allows ions of a known mobility to be excited with 10.6 mm radiation. A series of control experiments in which the laser is focused through the drift tube shows that gaseous protein ions are not activated in the absence of solvent at the laser powers used (see ESI †). This approach has similarities with an elegant ''laser spray'' technique, in which 10.6 mm light from an IR laser was focused into the metal-capillary tip of an ESI source to heat the bulk solution inside the capillary (see ref. 12 for details). melting studies. An ion's mobility through a buffer gas is related to its shape, or collision cross section. 14 , previously assigned to the ubiquitin A-state, 7 a low abundance product of melting. While the A-state is somewhat unexpected, we note that as the temperature is increased from B25 to 96 1C, the dielectric constant of water decreases from e = 78 to 56, near the value of e = 52, 15 which is similar to that of 40 : 60 water : methanol solution that is known to favor the A-state at 26 1C.
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As is the case with heating a bulk ubiquitin solution slightly. The lifetimes of these droplets depend on their initial size, which is related to the nano-electrospray emitter diameter and solution flow rate. Although the exact droplet lifetimes are unknown, previous experiments using theta-glass emitters indicate that a change in emitter tip diameter from 1.5 mm to 0.24 mm results in a linear decrease in the solution flow rate and a reduction in the droplet lifetime from 9 to 1 ms. 16 The twenty-fold difference in tip diameters used in these experiments should change the droplet lifetimes by well over an order of magnitude. Other products of laser-induced transitions of ubiquitin confined in droplets provide additional details about the first steps of melting. Fig. 3 provides the ability to monitor structures, stabilities, and dynamics of species involved in denaturation, and provides a unique way to study structural changes that occur in confined spaces. While the droplets used here are much larger (B0.05 to 1.0 mm dia.) than the length scale of unfolded ubiquitin (10-30 Å) larger proteins (or confinement in smaller droplets) may introduce some fascinating physical behavior associated with confinement. 18 In the studies presented here, we showed that the protonation state of protein ions that underwent irradiative heating within nanodroplets reflects that of the bulk, but significant structural changes have not equilibrated, as measured using IMS. The kinetic trapping of structures provides a new view of denaturation by capturing ''snapshots'' of the unfolding pathway. Further characterization of structures and pathways in a range of environments using state-of-the-art condensed and in vacuo techniques are likely to provide detailed insights about rearrangements that occur upon protein unfolding, reconciling the notion of an ''unstructured'' denatured state. This work is supported in part by funds from the Waters Corporation, the National Institutes of Health R01 GM117207-03 and R01 GM121751-01A1, and the Robert and Marjorie Mann endowment. T. J. E. was supported by the Robert and Marjorie Mann fellowship from Indiana University.
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